A Monte Carlo-based radiation transport calculation method to treat media containing randomly and uniformly dispersed spherical particles was developed by Shmakov et al. The method (hereinafter referred to as "SLD method") formulates effective homogenized cross sections for particle dispersed media. This paper discusses the applicability of the SLD method to neutron shielding in an ordinary concrete and a low-activation concrete containing small B 4 C particles. If the absorber particles are not small enough, the heterogeneity effect needs to be treated for accurate dose or activation estimations. The direct heterogeneous representation of the small particles requires long computing time. The use of the SLD method could considerably reduce the computational burdens without reducing its accuracy. The heterogeneity effect on neutron shielding is significant below 10 eV. The homogeneous calculation underestimates the neutron absorption rate of 23 Na by 11 % in the ordinary concrete and of
Introduction

1
A Monte Carlo-based radiation transport calculation method to treat media containing randomly and uniformly dispersed spherical particles such as fuels for high-temperature gas-cooled reactors (HTGR) was developed by Shmakov, Lyutov and Dean [1] . The method formulates effective homogenized microscopic and macroscopic cross sections for particle dispersed media (hereinafter referred to as "SLD method"). The SLD method can easily be incorporated into continuous-energy Monte Carlo codes with slight modifications. Unlike direct representation of a heterogeneous medium containing dispersed particles, this method can perform radiation transport calculations without a time-consuming trajectory tracking for a large number of dispersed particles, and the computational burdens are much reduced.
Yamamoto et al. corrected some drawbacks in the original SLD method and enhanced its versatility [2] [3] [4] . The modified SLD method was applied to some criticality calculations with MCNP 4C [5] in which fuel or absorber particles are randomly and uniformly distributed in the matrix materials, e.g., Pu spots in a MOX fuel pellet.
All applications of the SLD method to date have *Corresponding author. Email: toshihiro.yamamoto223@gmail.com targeted criticality calculations. The SLD method has not been validated yet for fixed source calculations. In a deep penetration calculation, for example, a small calculation error caused by the SLD method in an upstream part of the shielding material would be enlarged in the downstream part, which may yield unacceptable erroneous doses. This paper discusses the applicability of the SLD method to neutron shielding calculations.
A neutron shielding with the use of neutron absorber is one of examples where the heterogeneity effect of small dispersed particles needs to be considered. Usually, it is assumed that neutron absorber can be homogeneously mixed with the matrix of the shielding material. If the absorber particles are not small enough, however, the heterogeneity effect needs to be treated for accurate dose or activation estimations. While the Monte Carlo calculation can be performed by explicitly distributing a large number of particles in the shielding material, the direct representation of the particles usually requires long computing time. The use of the SLD method could considerably reduce the computational burdens without reducing its accuracy.
As the radiation shielding materials used for nuclear facilities, a variety of borated concretes have been developed to reduce the induced radioactivity within the concrete [6] . In accelerator facilities, to reduce the activity of 24 Na induced by neutron absorption of 23 Na is DOI: 10.15669/pnst. 4.404 Progress in Nuclear Science and Technology, Volume 4, 2014 405 important in term of the dose control. In the biological shielding concretes used for power reactors, the activation of impurities such as Co and Eu would be a key issue in terms of its clearance level. This paper applies the modified SLD method to neutron shielding calculations in the borated concretes used in nuclear facilities. The heterogeneity effect of the B 4 C particles on the induced activities is discussed.
Theory of the SLD method
The theory of the SLD method is briefly described here. For more details, see the references [1] [2] [3] [4] . Suppose that spherical particles with the diameter of D are dispersed uniformly in a slab with the thickness of L (>D). The effective homogenized macroscopic total cross section of the particle-dispersed slab is given by [1] [2] [3] [4] [ ]
where Σ m = total cross section of the matrix, q = 1.5α, α = volume fraction of the particle, ΔΣ =Σ a − Σ m , Σ a = total cross section of the particle. The effective microscopic cross section of a nuclide within the particle, σ p , can be calculated by σ p =F p · σ where σ = a microscopic cross section of any kind within the particle. The factor F p , which represents the heterogeneity effect on the cross section of the particle, is given by
where P a = probability that a neutron collides with the particle, P T = probability that a neutron collides with the medium with the thickness of L (including the collision with the matrix and particle materials). In the same way, the effective microscopic cross section of a nuclide in the matrix, σ m , can be calculated by
The effective macroscopic total cross section Σ and the effective microscopic cross sections σ p and σ m are obtained 'on-the-fly' during the course of Monte Carlo random walks every time a neutron enters or collides the particle-dispersed medium. Other procedures are the same as the ordinary Monte Carlo calculations. Thus, the SLD method can be easily implemented into the production Monte Carlo calculation codes. The direct heterogeneous calculations, in which a large number of particles are explicitly distributed within a matrix material, require the time-consuming boundary search for determining the next particle into which a neutron enters. On the other hand, the SLD method can save the computation for the boundary search, thereby greatly enhancing the calculation efficiency for particle-dispersed media.
Although the slab thickness L can be arbitrarily chosen, it is empirically known that L=D mostly reproduces well the direct heterogeneous calculations for dispersed absorbing particles [2] .
Applications to neutron shielding calculation
Ordinary concrete containing B 4 C particles
The SLD method was applied to the neutron shielding calculation in an ordinary concrete containing B 4 C particles. A continuous energy Monte Carlo code MCNP 4C and a pointwise cross section library based on JENDL-3.3 [7] were used for the calculations. The density of the concrete was 2.30 g/cm 3 . It is assumed that the isotopic composition of 10 B is 100%. The diameter of the particles depends on the fabrication specifications. This paper used a diameter of 0.0137 mm that was used for development of a radiation shielding concrete by Hazama Corporation [8] . The concentration of boron was 0.53 wt.% (12.1 kg/m 3 ). The volume fraction of the particles was 0.00628. The composition of the ordinary concrete is shown in Table 1 . The neutron beam leaking from a light-water reactor core was injected on the end surface of a 65-cm-thick concrete. The angular distribution of the neutron beam was isotropic. Three types of calculations were performed; a direct heterogeneous calculation, a simple homogeneous calculation, and a homogeneous calculation with the SLD method. For the heterogeneous calculation, 96 B 4 C particles were randomly distributed in a cube with a side length of 0.274 mm. Then, the cube was duplicated vertically and horizontally within the concrete slab. The neutron absorption rates of 10 B and 23 Na were calculated. Table 2 shows the absorption rates per source neutron in the most upstream and most downstream 5-cm-thick layers for three calculations. Relative source particles per CPU time with three methods are compared in Table 2 . Good agreement between the direct heterogeneous calculation and the SLD method was obtained both in the most upstream and most downstream layers. The calculation efficiency of the SLD method outperforms the direct heterogeneous calculation by a factor of 170. The calculation efficiency of the heterogeneous calculation depends on the number of particles allocated in one cell. The more particles are allocated in a cell, the
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longer computation time is needed. The homogeneous calculation underestimates the absorption rate of 23 Na by 11% in the most upstream layer with respect to the heterogeneous system where the thermal neutron flux is relatively enhanced due to the self-shielding effect of the B 4 C particles. The homogeneous calculation neglects the self-shielding effect in the B 4 C particles, which underestimates the thermal neutron flux and in turn decreases the absorption of 23 Na. The absorption rate of 10 B by the homogeneous calculation agree well with the heterogeneous one, which is the consequence of the cancellation of the overestimation of the 10 B's effective absorption cross section in the particle-dispersed medium and the underestimation of the thermal neutron flux. (2)), the heterogeneity effect on cross sections in the B 4 C particles, for several particle diameters. The heterogeneity effect heavily depends on the diameter and neutron energy. For an energy range where F p is close to unity, the particle-dispersed medium can be treated as a homogeneous medium. For the diameter of 0.0137 mm, the heterogeneity is not significant above 10 eV. Since most of the thermal neutrons are absorbed near the upstream surface of the concrete, the heterogeneity effect is not significant except near the upstream surface. As seen in Table 2 , there is a minor difference between the absorption rates of 23 Na in the most downstream layer with the homogeneous and heterogeneous calculations.
In Figure 2 , the absorption rates of 23 Na per source neutron in the most upstream layer with the SLD method, heterogeneous, and homogeneous calculations are compared for the particle diameter of 0.0137 mm. The absorption rates with the SLD method and heterogeneous calculation are almost the same throughout the whole energy as far as one can see in Figure 2 . The homogeneous calculation underestimates the absorption rate below 1 eV.
Low-activation concrete containing B 4 C particles
Neutron shielding calculations were performed for a low-activation concrete containing B 4 C particles. The geometry and incident neutron spectrum were the same as in the previous section. The type '1-100 low-activation concrete' [6] with the density of 2.34 g/cm 3 was used in this paper. The major elements of the type 1-100 concrete are shown in Table 3 . Again, the diameter of the B 4 C particles was 0.0137 mm. The volume fraction of the particles was 0.000882. For the heterogeneous calculation, 96 B 4 C particles were randomly distributed in a cube with a side length of 0.527 mm. 
Conclusions
This paper presents the first application of the SLD method to neutron shielding calculations. It is confirmed that the SLD method can precisely reproduce direct heterogeneous calculations for deep penetration calculations of concrete shields containing B 4 C particles. A direct heterogeneous calculation with Monte Carlo method where a large number of particles are explicitly distributed in a matrix material requires a large amount of computation burden especially for small size particles. If the diameter of the particles is small enough, the particle-dispersed medium can be treated as a homogeneous medium without reducing accuracy of the calculation. However, even for a concrete shield containing particles with the diameter of 10 μm, the heterogeneity effect is significant in terms of the activations of Na, Co, and Eu etc. The activations of these elements are important for assuring radiation control or clearance level of decommissioning. The SLD method calculates effective homogenized cross sections for particle-dispersed media 'on-the-fly' during the course of Monte Carlo random walks. Since the particle-dispersed media can be treated as homogeneous media in the SLD method, the time-consuming boundary search in the particle-dispersed media can be avoided. The SLD method outperforms the direct heterogeneous calculations by a factor of 100 in the numerical tests of this paper. The SLD method is expected to be applicable to a variety of shielding calculations where small particles are dispersed.
